Incorporating a biomimetic coating and integrating osteoinductive biomolecules into basic bone substitutes are two common strategies to improve osteogenic capabilities in bone tissue engineering. Currently, the underlying mechanism of osteoporosis (OP)-related deficiency of osteogenesis remains unclear, and few treatments target at OP-related bone regeneration. Herein, we describe a self-assembling polyelectrolyte multilayered (PEM) film coating with local immobilisation of calcitriol (Cal) in biphasic calcium phosphate (BCP) scaffolds to promote osteoporotic bone regeneration by targeting the calcium sensing receptor (CaSR).
Introduction
Osteoporosis (OP), a systemic skeletal disease, is characterised by bone mass loss and destruction of microarchitecture due to an imbalance between osteoblasts and osteoclasts, leading to bone fragility Ivyspring International Publisher and increasing risk of fractures [1, 2] . This disease affects 200 million people worldwide, especially postmenopausal women [3, 4] . Although most osteoporosis research focuses on fracture prevention using a variety of pharmacological agents [5, 6] , repair of bone defects following osteoporotic fracture has begun to draw attention. Combinations of artificial bone grafts, anti-catabolic agents, growth factors, and stem cells have been used for osteoporotic bone regeneration [7] [8] [9] . However, few therapeutic agents have been specifically designed to target the depressed osteogenic capacity for bone defects in individuals with osteoporosis. Bone repair strategies used in normal rats have been applied to rats with osteoporosis, with unsatisfying results [10] . Durao et al. evaluated bone regeneration in a calvarial critical-sized bone defect (CSD) filled with deproteinised bovine bone mineral (DBBM). A significant decrease of newly formed bone was observed in ovariectomised (OVX) animals compared with animals given a sham operation after both three and six months of healing [11] . Similar results were reported by Mardas et al., who found that ovariectomy causes an 8.2% decrease in newly formed bone in OVX rats compared with healthy animals in a calvarial CSD model [12] . Thus, osteoporosis-induced depression of bone repair was not only limited to long bones, but also occurred in flat bones. In addition, the underlying mechanism that differentiates osteoporotic rats from normal rats in terms of the ability to form new bone is quite important, and substances that enhance bone regeneration in situations that are pertinent to osteoporosis and its mechanism are of great interest.
Calcitriol (Cal), also known as 1,25(OH)2D3, is a drug used in clinical treatment of osteoporosis that enhances intestinal calcium absorption [13] . Meanwhile, it is also a potent transcriptional activator of osteogenesis-related genes encoding type I collagen, alkaline phosphatase (ALP), and osteocalcin (OCN) in osteoblasts [14, 15] . Local administration of Cal efficiently promoted osteogenesis of osteoblasts [16, 17] . Although the mechanism of Cal-induced tissue mineralisation is still debated, several recent studies have demonstrated that it is correlated with activation of the calcium-sensing receptor (CaSR) in osteoblasts or other cells [18] [19] [20] [21] . Insufficient bone mineralisation even with adequate levels of extracellular calcium ([Ca 2+ ] e ) has been reported, specifically due to lack of 1,25-dihydroxyvitamin D 3 or functional CaSR [22] . The CaSR may directly regulate skeletal development and bone turnover [18, [22] [23] [24] . In addition, González-Vázquez et al. demonstrated that CaSR is a key modulator of [Ca 2+ ] e -mediated proliferation, migration, and osteogenic differentiation of rat bone marrow-derived mesenchymal stem cells (rBMSCs) [25] . Together, these reports suggest underlying cross-talk among [Ca 2+ ] e , Cal, and CaSR, which can lead to a potential therapeutic strategy for bone tissue engineering.
Inorganic materials, such as phosphate and silicate materials [7, 26] , have been widely applied in bone reconstruction. However, sole application of such materials in large bone defect areas are insufficient [26, 27] , especially when combined with underlying disorders such as diabetes mellitus and osteoporosis, which significantly delayed the process of bone healing [10, 28] . Bio-modification and integration of osteoinductive molecules into inorganic materials are emerging as prevalent methods, and appear to offer an ideal solution in such complicated situations. Establishing biomimetic coatings through various techniques could not only add additional biological functions to the materials, but also retain their overall mechanical properties [29] [30] [31] . Among these techniques, layer-by-layer (LbL) self-assembly, which is defined as alternating adsorption of oppositely-charged polyelectrolytes onto a substrate, has been widely used to generate polyelectrolyte multilayered (PEM) films on the surfaces of materials to elevate their biocompatibility [31] [32] [33] . PEM films composed of polysaccharides, such as chitosan (Chi) and hyaluronic acid (HA), are of great interest for adjusting cellular behaviour by controlling film mechanical properties [34] . Chi, a linear cationic polysaccharide, has attracted considerable interest due to its good hydrophilicity, biocompatibility, non-toxicity, and adsorption properties. It has been widely studied and been used as a material to promote attachment and growth of various types of cells [35] [36] [37] . Moreover, HA, an anionic polysaccharide that is also an extracellular and cell-surface-associated glycosaminoglycan, is thought to be a ligand for the CD44 receptor expressed by mesenchymal stem cells (MSCs), correlating with cell adhesion, proliferation, and differentiation [38] . HA/Chi multilayered film has been widely used to augment the bioactivities of scaffolds [39, 40] . Liu et al. reported that surfaces coated with the HA/Chi film exhibit distinct effects on human MSC adhesion, proliferation, and differentiation [41] . Coincidentally, Li et al. noted that HA/Chi coating promoted artificial ligament graft healing in the bone tunnel via enhancement of cell adhesion and proliferation [42] . Therefore, combining the HA/Chi PEM coating technique with Cal may effectively promote bone repair in osteoporotic individuals.
In this study, we first investigated changes in CaSR expression during the osteoporosis process and determined the activation potency of Cal on CaSR expression and cell functions. Then we loaded Cal into a porous biphasic calcium phosphate (BCP) scaffold, one of the most widely used inorganic materials in clinical practice of bone repair [26] , with a PEM coating of HA/Chi to evaluate cell adhesion, proliferation, and osteogenic capability in vitro. The bone regeneration capacity of this method was finally verified using a calvarial CSD model in OVX rats.
Materials and Methods

Materials and reagents
Porous BCP scaffolds were purchased from the National Engineering Research Center for Biomaterials of Sichuan University (Chengdu, China), which were fabricated through H 2 O 2 foaming, as described in a previous study [43] . The porous BCP ceramic discs (8 mm diameter × 2 mm height) had a ratio of β-TCP to HAP of 80/20 (w/w). They were microporous with open communicating pores with a mean diameter of 200 µm. The mean porosity was 70%. Chi, polyethylenimine (PEI), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), and N-hydroxysulfosuccinimide (sNHS) were purchased from Aladdin (Shanghai, China). HA was a product of Bloomage Freda Biopharm Co., LTD (Shandong, China). Cal (purity > 98%) and NPS-2143 (purity > 98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against PCNA, cyclin D1, collagen I, c-fos and β-actin were purchased from Abcam (Cambridge, UK), ICAM-1 antibody, M-CSF and RANKL protein were obtained from R&D Systems (Minneapolis, MN, USA). Mouse anti-OCN was acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-CaSR and anti-Runx-2, as well as goat anti-rabbit and anti-mouse IgG-HRP, were purchased from Bioworld (Dublin, OH, USA) and antibodies against CD29, CD34, CD44, CD45, and CD90 were purchased from BioLegend (San Diego, CA, USA). NFATc1 antibodies were from Cell Signaling Technology (Danvers, MA). Secondary antibodies of Alexa Fluor 488-labelled and Alexa Fluor 594-labelled goat anti-rabbit and goat anti-mouse rabbit IgG (H+L) were purchased from Jackson ImmunoResearch (West Grove, PA, USA). 4',6-Diamidino-2-phenylindole (DAPI) was purchased from Beyotime (Shanghai, China). In addition, all cell culturing reagents such as culture medium and 2.5% trypsin were purchased from Gibco (Grand Island, NY, USA).
Establishment of a rat osteoporosis model
Adult female Sprague-Dawley rats (220-250 g, n = 68) were provided by the Animal Center of the Chinese Academy of Science (Shanghai, China). The protocol followed in our study for animal care and use complied with the Guides for the Care and Use of Laboratory Animals of the National Institutes of Health and was approved by the Animal Care and Use Committee of Wenzhou University (wydw2014-0129). The entire in vivo experimental procedure is summarised in Figure S1 . All rats were housed under controlled environment conditions. To induce the osteoporosis model, animals were anaesthetised through intraperitoneal injection of 2% (w/v) pentobarbital (40 mg/kg) following a bilateral ovariectomy according to a previously described method [44] . In brief, 61 rats received bilateral 10-mm linear incisions through the lumbar skin followed by gentle removal of both ovaries. The tissue layers were then repositioned and sutured. As a control, surgery consisting of a skin incision without ovary removal was performed as a sham treatment (seven rats). Carprofen (2 mg/kg) was injected intraperitoneally post-surgery for analgesia. Three months after surgery, three rats from each group were randomly selected for validation of the successful establishment of an osteoporotic model through imageological and histological examination ( Figure S2 ). After successful determination of the OVX model, 10 OVX rats and 4 sham-surgery rats were used for isolation of BMSCs, while the remaining 48 OVX rats were further used to establish the calvarial defect model.
In vitro protocol for determination of CaSR expression and Cal effects
BMSCs were isolated from the femurs of OVX and sham-surgery rats and cultured as previously described [45] . The cells were divided into sham and OVX groups with two replicates of each to investigate the functional differences between these two groups. Then, to determine the efficacy of Cal treatment on BMSCs with OVX-induced inhibition of osteogenesis, we randomly divided cells into three groups, control group, Cal (1 nM) treatment group, and Cal plus 0.1 μM NPS-2143 (classical CaSR antagonist) treatment group. To induce osteogenic differentiation of BMSCs, osteogenesis-inducing medium was used, which contained 100 μg/mL ascorbic acid (Sigma), 2 mM β-glycerophosphate (Sigma), and 10 nM dexamethasone (Sigma). The medium was changed every 3 days. Subsequently, western blotting, ALP staining and quantification, immunofluorescence, and molecular docking analyses were performed (see supplemental methods).
PEM film fabrication and crosslinking on BCP scaffolds
The fabrication layer-by-layer self-assembled PEM film was according to previous study [46] . For PEM film deposited on scaffold, BCP discs were first immersed in PEI solution (5 mg/mL in ddH 2 O) for 30 min to adsorb a cationic layer onto the substrate. Then, the discs were rinsed with water to remove loosely bound polyelectrolyte molecules. Thereafter, the discs were alternately immersed in HA solution (3 mg/mL, pH 3.0) and Chi solution (1 mg/mL, pH 4.0) for 10 min, with each layer followed by an intermediate rinse in H2O with the same pH as the adsorbing solution, until 10.5 bilayers were achieved. For crosslinking, the film-coated BCP discs were incubated in freshly prepared mixed solution of 1-ethyl-3- [3-dimethylaminopropyl] carbodiimide hydrochloride (EDC, 100 mg/mL) and N-hydroxysulfosuccinimide (sNHS, 11 mg/mL) at 4°C overnight. The next day, the discs were thoroughly rinsed in ddH2O to remove residual EDC and sNHS, and then finally dried in a vacuum oven at 37°C for 4 h. The morphologies of BCP and HA/Chi-BCP were observed by scanning electron microscopy (SEM; see supplemental methods).
Cal loading procedure
For Cal loading, the bare BCP scaffolds and film-coated scaffolds were incubated in solutions of Cal in alcohol at various concentrations (10 -4 , 10 -3 , and 10 -2 M) at 4°C overnight. Then, they were washed with ddH 2 O three times to remove any weakly bound or unbound drug and were dried in a vacuum oven at 4°C overnight. To measure the amount of Cal loaded, the scaffolds were dissolved in a mixture of hydrochloric acid/alcohol (v:v = 1:1), and the Cal concentrations in the resulting solutions were tested using a Waters Acquity Ultra Performance Liquid Chromatography (UPLC) instrument with a BEH-C18 (2.1 mm × 50 mm × 1.7 µm) column.
LbL follow-up with QCM-D
Quartz crystal microbalance with dissipation (QCM-D) (E1, Biolin Scientific, Linthicum Heights, MD) was used to monitor the assembly process of HA/Chi films. A gold-coated crystal (QSX 301 quartz crystals, Q-sense) was used for this process. The crystal was cleaned with 2% (V/V) HELLMANEX II (Hellma GmbH, KG, Germany) aqueous solution at 70°C for 15 min before the experiment, followed by thorough rinsing with water and drying under a stream of nitrogen. The crystal was first exposed to PEI solution to render it positively charged. Then, it was successively exposed to HA and Chi solutions to construct the HA/Chi multilayered film on the crystal in an LbL manner. The frequency shifts, ΔF, and dissipations, ΔD, of the fundamental, third, fifth, seventh, ninth, eleventh, and thirteenth harmonics were collected using Qsoft401 software (Biolin Scientific, Linthicum Heights, MD) during the film deposition process. Film thickness was calculated based on these data using Q-Tool software (Biolin Scientific, Linthicum Heights, MD) with a viscoelastic model, assuming the density of the film to be 1100 g/L.
Examination of ion release and drug retention capability
Due to the liposolubility of Cal, which is difficult to detect in phosphate-buffered saline (PBS; data not shown), we determined the remaining mass of Cal in the scaffolds as an indirect measure of the release potency of Cal. Briefly, various doses (10 -4 , 10 -3 , and 10 -2 M) of Cal were loaded onto scaffolds (BCP+Cal and HA/Chi-BCP+Cal, with five scaffolds for each time interval) then weighed and soaked in 1 mL of PBS solution. At the designated time points (1, 2, 5, 8, 12, 18, 25, and 35 days), the scaffolds were collected and dissolved in a mixture of hydrochloric acid and alcohol (v:v = 1:1). The Cal concentration in the resulting solution was tested using a Waters Acquity UPLC instrument with a BEH-C18 (2.1 mm × 50 mm × 1.7 µm) column.
To examine the cumulative amount of calcium ions released, scaffolds from different groups (BCP, BCP+Cal, HA/Chi-BCP, and HA/Chi-BCP+Cal, n = 5 for each) were soaked in 10 mL of simulated body fluid (SBF) [47] . At the chosen time points (1, 2, 5, 8, 12, 18, 25, and 35 days), 1 mL of the supernatant was collected for examination, followed by replacement with 1 mL SBF. The calcium concentration of supernatant at each time point was detected using inductively coupled plasma mass spectroscopy (ICP-MS; Agilent 7500ce series, Agilent Technologies, Sydney, Australia).
Seeding cells in scaffolds
Experiments were performed using four groups: BCP alone (BCP), BCP with Cal (BCP+Cal), film-coated BCP (HA/Chi-BCP), and film-coated BCP with Cal (HA/Chi-BCP+Cal). Before seeding cells, all scaffolds were cleaned in ethanol and then PBS for 15 min each, followed by sterilisation steps with ultraviolet light and ethylene oxide for 15 min each. After drying, 5 × 10 4 rBMSCs were seeded onto each scaffold. Meanwhile, to examine their osteogenesis capacity, osteogenesis-inducing medium was used. The gene and protein levels of PCNA, cyclin D1, ICAM-1, CaSR, RUNX-2, collagen I, and OCN expression were determined through qRT-PCR (see supplemental methods) and western blot analysis 5 μm thick respectively. Cell viability and morphology on different scaffolds were detected using a Cell Counting Kit-8 (CCK-8; Dojindo Co, Kumamoto, Japan) and SEM, respectively (see supplemental methods).
Examination of alkaline phosphatase (ALP) activity and collagen synthesis in scaffolds
Quantitative analysis of the ALP level and ALP staining of cells in scaffolds was conducted using methods similar to those used for cells seeded onto plates (see supplemental methods). To examine collagen synthesis in cells seeded onto a scaffold, samples with cells were fixed at day 14 using 4% paraformaldehyde and then rinsed three times in PBS. Then, they were stained with Sirius red (Sigma, USA), washed with 0.1 M acetic acid, and images were captured through a stereomicroscope (Leica, Germany). For quantitative analysis, the stains were subsequently dissolved with 1 mL of destaining solution (0.2 M NaOH:methanol, 1:1) and measured quantitatively at an optical density of 540 nm.
Rat critical-size calvarial defect models
Forty-eight OVX rats further received calvarial surgery for the CSD model. Briefly, after anaesthetisation, an incision was made along the median of the calvarium, and the skin and periosteum were incised to expose the calvarial bone surface. An 8-mm diameter trephine bur was used to carefully drill a standardised round defect around the sagittal suture. During drilling, the surface was irrigated with 0.9% saline solution to cool the skull, and the underlying dura mater was protected to keep it intact. Subsequently, the defect was covered with the various modified BCP discs (BCP alone, BCP with Cal loaded, film-coated BCP, film-coated BCP with Cal loaded; 12 rats in each group). Finally, the periosteum and dermis were closed using 5-0 silk suture. Carprofen (2 mg/kg) was injected intraperitoneally post-surgery for analgesia.
Micro-computed tomography (micro-CT) analysis
After harvesting of specimens at each time point, the calvarium was removed intact and fixed in 4% freshly prepared formaldehyde for 24 h at 4°C. New bone formation in the calvarium was determined using micro-CT (MicroCT m100, SCANCO Medical, Switzerland). The scanning resolution was 25 μm. Next, the three-dimensional reconstructed images were analysed using software (Ray V4.0-4, Switzerland). A consistent volume of interest (VOI), defined as the region where tissue grew into the implants from the margin to the centre, was used to evaluate the level of bone regeneration [48] . Mimics (Materialise, Belgium) software was used for image processing, including two-dimensional reconstruction and quantitative analysis. Two thresholds were identified: one at 225 HU for the soft tissue-bone limit, and the other at 1504 HU for the bone-ceramic limit. Furthermore, the VOI of each specimen was divided into four concentric cylinders from the margin to the centre to study the distribution of bone regeneration within the scaffold. The ratio of bone volume to total volume available in the scaffold (BV/TV) was calculated for various groups. A higher ratio means that more bone had grown into the scaffolds.
Histological analysis
The specimens harvested at 12 weeks post-implantation were fixed in 4% paraformaldehyde for 24 h at 4°C. For slicing of decalcified bones, the sample was decalcified in 10% EDTA solution at 4°C for 4 weeks. Next, the samples were dehydrated using an alcohol gradient, cleared, and embedded in paraffin blocks. Serial lateral sections (5 μm thickness) of each calvarium were obtained and five slides per sample (at 50 μm intervals) were stained with hematoxylin and eosin (H&E) or Masson's trichrome according to the manufacturers' instructions. The stained sections were photographed digitally under a microscope. For undecalcified sections, after embedding in resin, specimens were sawn vertically to the sagittal suture into six slices of 600-μm thickness located 1 mm apart. Slices of each sample were fixed on Plexiglas and carefully polished. The surfaces of the slices were then stained with McNeal's tetrachrome, basic fuchsine, and toluidine blue O. Images were recorded using a stereomicroscope at a final magnification of 10× and saved in colour for histomorphometric analysis of various parameters. Semi-quantitative analysis was carried out using Image-Pro Plus software, version 6.0 (Media Cybernetics, Rockville, MD, USA) to show the relative amounts of bone formation and BCP residue. The area of newly formed mineralised tissue and the remaining BCP volume in each section were calculated and shown as a percentage of total tissue area. The protocols for immunohistochemical staining of CaSR, OCN, PCNA, and ICAM-1 are described in the supplemental methods.
Statistical analysis
All experiments were performed independently at least six times. All results are expressed as the mean ± standard deviation (S.D.). Statistical evaluation of the differences among two or more groups was performed via one-way analysis of variance (ANOVA) followed by Tukey's test for comparisons of the control and treatment groups using SPSS statistical software 20.0. Values of P < 0.05 were considered indicative of statistical significance.
Results and discussion
Osteoporosis animal model
Osteoporosis has a negative influence on the osseous healing process, which is not only limited to long bones, but also affects the calvarium [10, 49, 50] . Ovariectomy of female animals has been strongly recommended by The Food and Drug Administration (FDA) as the preferred model to imitate osteoporosis in humans [51] . Successful establishment of osteoporosis was verified through X-ray, micro-CT and H&E staining ( Figure S3) .
Previous research confirmed that CaSR played an important role in extracellular calcium ions ([Ca 2+ ] e )-mediated proliferation and osteogenic differentiation of BMSCs [25] . Also, high levels of [Ca 2+ ] e or polycationic CaSR agonists (for instance neomycin or gadolinium) have been reported to enhance osteoblast proliferation, differentiation, and matrix mineralisation [52, 53] . In addition, the works of Yamauchi et al. and González-Vázquez et al. revealed that overexpression of CaSR stimulated the upregulation of osteogenic markers in MC3T3-E1 cell lines and rBMSCs [25, 54] . By contrast, Chatopadhyay et al. showed that inactivation of CaSR decreased rat calvarial osteoblast proliferation and differentiation [55] . Mechanistically, the activation of CaSR directly stimulated RUNX-2 expression, which is referred to as the master switch of osteogenic differentiation due to its targeting of the transcription of osteoblast-related genes such as those encoding osteocalcin (OCN), type I collagen, and ALP [56] [57] [58] . Among these factors, OCN and type I collagen are the main constituents of bone extracellular matrix (ECM) and ALP is responsible for mineralisation of the ECM [58] .
In the current study, we examined the expression level of CaSR and changes in the adhesion, proliferation, and osteogenic ability of OVX-rBMSCs. After cultivation in osteogenic-inducing medium for 14 days, western blot analysis showed that the expression levels of Runx-2, collagen I, and OCN (osteogenesis markers) [58] decreased, as did ALP activity, in OVX-rBMSCs compared to those in the sham-surgery group (Figure 1A-D) . Meanwhile, ovariectomy also inhibited expression of PCNA and cyclin D1 (proliferation markers) [59] as well as ICAM-1 (adhesion marker) [60] in rBMSCs ( Figure  1A-B) . Together, these data demonstrated that osteogenic differentiation, adhesion, and proliferation capacity of rBMSCs all decreased significantly after ovariectomy. Moreover, alteration of the CaSR expression level was consistent with the downregulation in OVX-rBMSCs noted above, and CaSR-positive cells decreased in both the bone marrow and calvarial suture (Figure 1E-F) . This result suggested that there might be a correlation between deficient CaSR expression and ovariectomy-induced decreases in adhesion, proliferation, and osteogenic differentiation capacity. This change might not be localised solely in long bones, but may also cause problems in flat bones.
Cal treatment
Cal is an agent used for clinical treatment of osteoporosis via promotion of calcium absorption in the intestine, which also targets the osteogenic differentiation of MSCs; however, the specific mechanism remains unclear. Interestingly, previous studies showed that Cal could significantly increase CaSR expression in several organs [19] [20] [21] . Here, we studied its effects on OVX-rBMSCs.
To explore whether ovariectomy-induced declines of proliferation, adhesion, and osteogenic differentiation in rBMSCs would be reversed by Cal administration (10 -9 M) and whether this treatment was associated with CaSR activation, we examined the levels of CaSR, PCNA, cyclin D1, and ICAM-1 as well as the ALP activities in OVX-rBMSCs administered Cal treatment. Western blotting analysis and ALP activity measurement showed that expression levels of CaSR and of osteogenic markers including collagen I, Runx-2, OCN, and ALP, were significantly upregulated in the Cal group and thereafter inhibited by NPS-2143, an allosteric antagonist of CaSR (Figure 2A-D) . Moreover, using double-labelled immunofluorescence staining of CaSR and Runx-2, we found that Runx-2 expression varied in accordance with changes in CaSR expression ( Figure 2E) . However, the expression levels of PCNA, cyclin D1, and ICAM-1 did not change in the Cal treatment with or without antagonist addition (Figure  2A-B) . Furthermore, we performed docking analysis of Cal to the tryptophan derivative binding site (an agonist pocket) in the CaSR protein structure; this active pocket is a functional site that is synergised by bivalent cations (such as Ca 2+ and Mg 2+ ) to co-activate the function of CaSR [61] . Accordingly, the results revealed a high affinity of -8.3 kcal/mol of Cal with the CaSR structure, and the space-filling model illustrated that Cal was completely embedded in the active pocket of CaSR. Meanwhile, the view showing local interactions of protein residues with Cal showed that an important hydrogen bond was formed between Cal and the ASN-102 residue of CaSR. Moreover, the 2D view showed that several hydrophobic bonds existed between Cal and Asp216, Asp275, Gly146, Trp70, Ser147, Gly148, Val149, Tyr218, Thr145, Pro274, Ser272, Ala298, Arg66, Ser302, Ala168, Pro39, and Phe42 ( Figure 2F ). These data suggested that Cal effectively activated osteogenesis in OVX-rBMSCs, and this phenomenon might be related to its regulation of CaSR. On one hand, Cal not only directly binds to the active pocket of CaSR to upregulate its expression level, but may also synergise with extracellular calcium ions to further improve its function. On the other hand, the increased osteogenic effect of Cal could be abolished after addition of its classic antagonist. Although some previous research has reported that CaSR was strongly associated with the proliferation and adhesion capabilities of BMSCs [52, 53] , in this study the ovariectomy-induced decreases in proliferation and adhesion in rBMSCs were not reversed with Cal treatment, and thus, these factors might not be associated with the change in CaSR expression. These results indicated that pathways other than CaSR must be involved in ovariectomy-induced inhibition of proliferation and adhesion of rBMSCs, which we recommend exploring in future works.
PEM-coated and Cal-loaded porous BCP scaffolds
As Cal exhibited no enhancing effect on ovariectomy-induced depression of cell proliferation and adhesion, a different strategy was needed to improve OVX-rBMSCs adhesion and proliferation on substrates. Surface modification of substrates is essential for BMSCs differentiation, adhesive interaction, and matrix mineralisation [62] . Previous studies determined that both Chi and HA have good biocompatibility, which benefitted cell proliferation, adhesion, and differentiation [35] [36] [37] [38] [39] [40] .
To reverse the depression of CaSR expression, adhesion, and proliferation of OVX-rBMSCs, and to promote bone regeneration in OVX rats, we incorporated Cal and an HA/Chi multilayer coating into porous BCP scaffolds. The fabrication procedure is depicted in Figure 3A . Briefly, the multilayer film was constructed in an LbL fashion through alternate absorption of HA at pH 3.0 and Chi at pH 4.0, followed by intermediate rinsing steps. After chemical crosslinking, Cal was loaded through a simple post-diffusion method.
QCM-D was employed to monitor the LbL assembly of HA/Chi multilayers onto flat substrates, and the frequency shifts (ΔF) and dissipation differences (ΔD) produced at the harmonic of n = 3 were plotted against layers deposited ( Figure 3B) . Overall, the frequency shifts decreased and dissipation increased steadily as the deposition step increased. Notably, there was a decrease in dissipation and a slightly increase in frequency shift upon the assembly of an HA layer, suggesting that film densification and water extrusion may occur when HA molecules are deposited onto Chi-covered films. Film thickness was estimated using Qsoft, as illustrated in Figure 3C , and film thickness increased linearly as the layer pair number increased. The surface morphology of films built on glass slides was observed by SEM ( Figure 3D) , and we found that the films had a porous structure with numerous interconnected micropores. These pores may be formed due to the decrease in pH during HA deposition steps [63] . The surface morphology of the porous scaffolds after HA/Chi multilayer coating was also visualised using SEM. As shown in Figure 3E , the SEM images revealed high roughness of the bare scaffolds and sub-micrometre scale gaps between particles. For PEM-coated scaffolds, the images showed that the surface BCP was covered with a thin porous film, which had a similar structure as those formed on glass slides. The micropore structure and high porosity of the film made the surface even rougher than that of a bare scaffold.
The drug loading and retention capacities of the substitute are quite essential, especially when used for bone regeneration, which may require several months. We soaked scaffolds with and without PEM coating in Cal solutions of various concentrations for drug loading. The total amount of Cal loaded and the mass retained after washing in PBS were determined through UPLC, and these data are shown in Figure  4A and B. These results clearly demonstrated that the drug loading amount is highly dependent on the Cal concentration, decreasing almost linearly with the decrease in concentration. When the drug was loaded at a higher concentration (10 -2 M), there was no significant difference between the two scaffolds in terms of Cal absorption ( Figure 4A) . However, when the drug loading concentration was decreased to 10 -3 or 10 -4 M, the porous PEM film-coated BCP scaffold held a greater loading amount compared to the bare BCP scaffold (Figure 4A ), indicating that a PEM coating may have a drug enrichment capability at low concentrations. Unsurprisingly, due to the extremely low solubility of Cal in water, all scaffolds loaded with various concentrations of Cal exhibited long-term drug retention capability. At every time point, the PEM scaffold carried more drugs than the bare scaffold at low concentration ( Figure 4B) . This pattern suggests that the Cal is a novel agent and is suitable for direct interaction with local cells. In addition, the data suggested that the porous PEM coating provided an advantage in terms of Cal loading and retention when the drug was loaded at relatively low concentrations. Occasionally, the effective concentration of Cal used for in vitro administration was as low as 10 -9 M [64] and higher pharmacological levels of Cal have been reported to inhibit mineral deposition and decrease cell proliferation in a strain-dependent manner in chicken MSCs [65] . Thus, to assure both satisfactory release time and a relatively safe drug concentration, the BCP scaffold immersed in 10 -3 M Cal solution was adopted for further experiments. Ca 2+ ions are essential components in bone renewal and regeneration. In our study, the influence of a PEM coating on ion release was tested by incubating scaffolds in SBF. After examination using ICP-MS, the resultant Ca 2+ concentrations were obtained by subtracting the amount of Ca 2+ in SBF (100 mg/L). As shown in Figure 4C , the concentrations of Ca 2+ accumulated in SBF after 35 days were 406.10 ± 12.27 and 367.75 ± 7.00 mg/mL for BCP and PEM film-coated BCP, respectively, suggesting a slight reduction in calcium ion release in the porous PEM film-coated BCP scaffold. Furthermore, the loading of Cal did not affect ion release profiles.
Cytocompatibility and functions of scaffolds in vitro
To examine the effects of the PEM coating and local immobilisation of Cal on OVX-rBMSCs, we directly seeded the cells into the scaffolds. Their adhesion, proliferation, and osteogenic differentiation properties were tested by means of CCK-8, western blot, and immunostaining assays. Figure 5A is a schematic illustration of the interface between scaffolds and OVX-rBMSCs, where the PEM coating may promote bone formation by inducing cell adhesion and proliferation, thanks to the film's biocompatible properties including a porous, well cross-linked structure and polysaccharidederived components. Firstly, the CCK-8 assay was used to quantify cell numbers 3, 7, and 14 days after seeding of OVX-rBMSCs onto the scaffolds ( Figure  5B) . Compared with the control group, the seeding rates of each scaffold were over 50%, indicating that these scaffolds had good biocompatibility. Although the increase in cell number on porous PEM coating did not reach a statistically significant difference after 3 days of cultivation, the differences were enhanced when the culturing time was increased to 7 days and further amplified after 14 days. Meanwhile, the CCK-8 assay data revealed that the addition of Cal did not have much impact on cell viability. Cell morphology on the scaffolds was observed using SEM on day 14. As shown in Figure 5C , more cells were found on the porous PEM film-coated scaffolds than on uncoated scaffolds. The magnified image clearly showed that cells on the HA/Chi film-coated and Cal-loaded scaffolds were more plump and extensive, and they even grew beneath the film. To further verify whether the HA/Chi multilayer coating enhanced OVX-rBMSCs adhesion and proliferation, the protein expression levels of PCNA, cyclin D1, and ICAM-1 were determined using western blot analysis at day 14 ( Figure 5D-E) . The results showed that expression levels of all three proteins increased if cells were seeded on porous PEM film-coated scaffolds, which was consistent with the CCK-8 assay data. Together, these results indicated that the porous PEM coating favoured cell proliferation and adhesion. Figure 6A illustrates the possible mechanism for Cal, which is immobilised in the BCP scaffold and interacts with OVX-rBMSCs, subsequently promoting their osteogenic differentiation. Specific targeting of CaSR and consequent acceleration of its bonding with Ca2+ might be the underlying molecular mechanism. Osteogenic differentiation was first evaluated through determination of osteogenesis-related gene expression after 7, 14, and 21 days of growth in induced differentiation medium on different scaffolds. The expression levels of all osteogenesis-related genes were greatly enhanced when Cal was incorporated ( Figure S4) . Relative protein expression was examined using western blot analysis. As shown in Figure 6B -C, the expression levels of CaSR, collagen I, Runx-2, and OCN in OVX-rBMSCs 14 days after seeding onto scaffolds increased significantly in the presence of Cal. The HA/Chi multilayer coating also caused limited enhancement of osteogenesis-related protein expression, while the combination of the multilayer coating and Cal showed the strongest activation of osteogenic differentiation of OVX-rBMSCs. ALP activity and collagen secretion assays were also carried out at day 14 to verify the osteogenic differentiation of OVX-rBMSCs on different scaffolds. As shown in Figure 6D -E, both the HA/Chi film and Cal had positive effects on ALP expression, and therefore the combination of the two greatly enhanced ALP expression up to 2-fold above that of the bare BCP. Similar results were obtained using Sirius Red staining (Figure 6F-G) , where denser collagen deposition was found on the HA/Chi-BCP+Cal scaffold.
In vivo bone formation
To identify osteogenesis on BCP scaffolds with HA/Chi coating and/or Cal, an 8-mm calvarial CSD was created in osteoporotic rats, which is a significant indicator of future clinical translational application. At 6 and 12 weeks post-transplantation, calvaria were extracted and analysed through imageological examination and histological analysis.
Three-dimensional micro-CT reconstruction images revealed the morphology of the newly formed bone. The overall morphologies are shown in Figure  7A , and magnified images in the coronal and axial views are presented in Figure 7B . Although new bone had formed and infiltrated the bone cavity in all four groups of rats implanted with different scaffolds after both 6 and 12 weeks of healing, more new bone formation occurred with the modified BCP scaffolds, especially when Cal was incorporated.
Quantitative analysis (Figure 7C ) of the newly formed bone volume demonstrated that a limited amount of new bone was formed in the BCP scaffold group (14.34 ± 2.03% and 20.07 ± 3.20% at 6 and 12 weeks, respectively). More newly formed bone was observed in the HA/Chi-BCP group (28.34 ± 3.56% and 35.93 ± 6.20% for 6 and 12 weeks, respectively), indicating that the HA/Chi coating was also effective in vivo. Significant acceleration of bone regeneration was achieved (40.81 ± 3.91% and 48.63 ± 4.08% at 6 and 12 weeks, respectively) in the Cal-BCP group, confirming the osteogenic efficacy of Cal. Due to the conjugation of both Cal and HA/Chi multilayers on the BCP scaffolds, the amount of newly-regenerated bone tissue increased further in the HA/Chi-BCP+Cal group (50.33 ± 4.67% and 63.38 ± 6.76% at 6 and 12 weeks, respectively). Compared to bare BCP scaffolds, more new bone was formed during the time between 6 and 12 weeks with Cal-BCP scaffolds (40.81 ± 3.91% to 48.63 ± 4.08% versus 14.34 ± 2.03% to 20.07 ± 3.20%), indicating that Cal may still be released from the BCP after 6 weeks. A remarkable increase was observed with HA/Chi-BCP+Cal scaffolds (50.33 ± 4.67% to 63.38 ± 6.76%) during the second 6 weeks of healing. This result can be ascribed to the advantages of the HA/Chi film, which elevates both scaffold cytocompatibility and Cal retention. To further investigate the process of bone ingrowth into the scaffolds, the entire VOI (volume of interest) was classified into four layers according to distance from the sample boundary (Figure 7D) , and the BV/TV values of each layer were measured and calculated ( Figure 7E ). More nascent bone was formed in the layer closest to the boundary, and the amount of new bone decreased from the boundary to the centre of the scaffold. Again, a synergetic effect of HA/Chi film and Cal on osteogenic regeneration was observed.
Unlike the bare BCP group, where new bone preferred to grow on the boundary of the defects, nascent bone tissue formed simultaneously both on the boundary and in the centre of the defects when HA/Chi films, Cal, or both were incorporated. Subsequently, more bone was formed in all four layers of the scaffolds for the HA/Chi-BCP+Cal group. These phenomena might be explained by two results: 1) The biocompatibility of the scaffold was greatly improved by HA/Chi multilayer coating, and thus more cells survived on the scaffold including in the central part, and 2) the osteogenic differentiation of OVX-rBMSCs or other cells was reversed and activated by local interaction with Cal. Therefore, the HA/Chi multilayer coating combined with Cal can improve bone regeneration under osteoporotic conditions using classical BCP scaffolds. To further confirm new bone tissue formation results obtained from micro-CT analysis and to analyse the new bone morphology in a more detailed way, we performed histology assays on both decalcified and undecalcified samples. For each specimen, decalcified transverse sections of the entire calvarium were initially evaluated at low magnification to identify the regions of interest. Both H&E staining ( Figure S5 ) and Masson's trichrome staining ( Figure 8A ) revealed that samples from the bare BCP group typically exhibited little bone formation within the defect regions at 12 weeks post-implantation, whereas greater mineralised areas were observed from the BCP+Cal groups. Although several collagen fibres and immature bone were found in the defects of the HA/Chi-BCP groups, few mineralised tissues were observed. Moreover, compared to the other three groups, far more mature bone formation was detected in the HA/Chi-BCP+Cal group at 12 weeks. In addition, high-magnification views of both the margin and central areas of defects supported the conclusion that the HA/Chi-BCP+Cal group obtained the greatest benefit in terms of bone ingrowth.
To further quantify bone volume and remaining BCP volume without the disturbance caused by decalcification, we stained the undecalcified section with McNeal's tetrachrome, basic fuchsine, and toluidine blue O (Figure 8B) . Here, new bone tissue appeared pink, and blue colour represented the remaining BCP scaffolds. As shown in Figure 8B , larger amounts and significantly greater distributions of new bone formation were found in the HA/Chi-BCP+Cal group compared to the other three groups. Meanwhile, the HA/Chi-BCP+Cal group showed more pronounced degradation of BCP scaffolds than others. Histomorphometric results were consistent with histologic findings (Figure 8C) , providing additional evidence of the contribution of the microporous HA/Chi multilayer and Cal to bone restoration under osteoporotic conditions.
The major drawback of BCP scaffolds in clinical trials was their slow degradation, which needed to be accelerated. BCP served as a scaffold and a source of calcium and phosphate ions for the formation of new bone. The more actively the bone regenerated, the more BCP was degraded. In this way, the histology assay of the undecalcified section showed that HA/Chi-BCP+Cal scaffolds could promote BCP degradation.
Additionally, to demonstrate the specific molecular mechanisms of different scaffolds in vivo, we performed immunohistochemical staining of CaSR, OCN, PCNA, and ICAM-1 proteins. Representative images and quantitative analysis results are shown in Figure 8D -E. CaSR-and OCN-positive areas were elevated in the BCP+Cal group compared to the bare BCP group, but there was no significant difference in PCNA or ICAM-1 expression between these two groups. These results suggested that the contribution of Cal to osteogenesis in bone defects might be related to the regulation of CaSR expression. Moreover, although the HA/Chi-BCP group showed little positive effect on osteogenesis according to the limited level of OCN expression, it showed higher PCNA and ICAM-1 expression levels, indicating that microporous films on the scaffold surface markedly promoted cell proliferation and adhesion. Certainly, the HA/Chi-BCP+Cal group showed incremental effects in osteogenesis, cell proliferation, and adhesion with higher expression levels of CaSR, OCN, PCNA, and ICAM-1 compared to the other three groups.
Local administration of bioactive compounds can lead to facile and economical therapies for tissue engineering. In this study, we started with a mechanistic investigation, demonstrating for the first time the role of CaSR in osteoporosis-induced depression of osteogenesis in BMSCs. Additionally, Cal was revealed to be a novel agent that efficiently targets CaSR and acts synergistically with extracellular calcium ions to reverse this condition. We designed the composite BCP scaffold to improve both drug loading capacity and biocompatibility. On one hand, the results showed that these scaffolds are a good candidate for Cal loading and that Cal loaded into them was capable of interacting directly with local cells, such as BMSCs, to promote osteogenic differentiation in vitro (Figure 2, 6 ) and subsequent bone regeneration in vivo (Figure 7, 8) , under osteoporotic conditions. However, aside from improving osteogenesis, the effects of composite scaffolds to osteoclastogenesis were also explored. Although the effects of either calcitriol or CaSR on osteoclasts activities are controversial in previous publications [23, [66] [67] [68] , in this study, our results showed that the calcitriol loaded scaffolds could increase the expression of CaSR but decrease the c-fos and NFATc1 expression (the marker of osteoclastogenesis) of bone marrow monocytes (BMMs), under the stimulation of 50ng/mL of RANKL ( Figure S6. A-B) . Meanwhile, the number of TRAP positive cells were decreased in calcitriol loaded scaffolds both in vitro and in vivo section of tissue. (Figure S6. C-D) . It indicated that the calcitriol loaded scaffold could also inhibit osteoclastogenesis, and the potential mechanism behind it might be associated with the activation of CaSR. Moreover, scaffold degradation might also be associated with significant bone ingrowth and accelerated calcium absorption and utilisation after CaSR activation, but this point requires further study. Meanwhile, the PEM film coating added to the retention of Cal, and Cal appeared to be immobilised on the scaffold ( Figure  4B) . However, how this immobilised Cal is internalised by cells, such as the OVX-rBMSCs used in this study, and how immobilised Cal and the free Cal (added directly to the culture medium, reached the cells via releasing from scaffold, etc.) differ in their cellular interactions and bone regeneration activities, are also topics for future studies. On the other hand, incorporation of the HA/Chi coating augmented cell viability on the scaffold. Although polysaccharide-derived PEM film has long been considered biocompatible, cell behaviour on films is dependent on their physical properties. Picart's group studied the effect of film stiffness on cellular adhesion and found that cells remained round on soft native films, while they adhered and spread quickly on stiff and well-crosslinked films [69, 70] . In addition, film surface morphology and, specifically, microscale surface structures have a strong influence on the setting of cells on the films. Rough surfaces or porous surface structures may be more beneficial for cell viability [71, 72] ; the research of Cristina et al. showed that a nanopore structure of PEM film significantly supported cell adhesion, proliferation, and migration compared to smooth and nonporous surfaces [73] . In our study, pH-adjusted LbL assembly, which provides an easy method for fabricating rough or porous PEM films [63] , was coupled with strong crosslinking, and a porous PEM film with microscale, interconnected pores was constructed (Figure 3) . These films were beneficial for cell adhesion and proliferation both in vitro ( Figure 5 ) and in vivo (Figure 7, 8) . Because the depression of bone regeneration caused by osteoporosis occurred not only in long bone but also in flat bone [12] (Figure  1E-F) , we tested the composite scaffold in a calvarial CSD model in OVX rats as a first trial, and obtained encouraging results. However, the effect of the composite scaffold should be further verified in long bones, as osteoporotic-induced bone failure occurs more often in load-bearing bones such as the humerus, lumbar vertebrae, and hip.
Conclusions
In this work, we reported the environmentally friendly fabrication of a composite scaffold based on classical BCP for bone regeneration under osteoporotic conditions. According to ovariectomyinduced downregulation of osteogenic differentiation, proliferation, and adhesion capabilities, Cal was immobilised into BCP scaffolds as a therapeutic agent to promote OVX-rBMSCs osteogenic capacity, and then pH-tuned microporous HA/Chi multilayer films were coated onto BCP scaffolds to improve the cytocompatibility of the scaffolds for OVX-rBMSCs. In vitro experiments revealed that the combination of HA/Chi coating and Cal not only enhanced OVX-rBMSCs adhesion and proliferation, but also greatly enhanced osteogenic differentiation by reversing the depression of CaSR expression caused by OVX. More importantly, a similar trend was observed in bone regeneration among groups of OVX rats in a calvarial CSD model. 
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